Granulosa cell formation and subsequent follicular assembly are important for ovarian development and function. Two members of the GATA family of transcription factors, GATA4 and GATA6, are expressed in ovarian somatic cells early in development, and their importance in adult ovarian function has been recently highlighted. In this study, we demonstrated that the embryonic loss of Gata4 and Gata6 expression within the ovary results in a strong down-regulation of genes involved in the ovarian developmental pathway (Fst and Irx3) as well as diminished expression of the pregranulosa and granulosa cell markers SPRR2 and FOXL2, respectively. Postnatal ovaries deficient in both Gata genes show impaired somatic cell proliferation and arrested follicular development at the primordial stage, where oocytes are either enclosed by one layer of squamous granulosa cells or remain in germ cell nests/clusters. Furthermore, germ cell nests and primordial follicles are predominantly localized to the central region of the Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries, where the boundary between the medulla and cortex is almost nonexistent. Lastly, most of the oocytes are lost early in development in conditional double mutant ovaries, which confirms the importance of normally differentiated granulosa cells as supporting cells for oocyte survival. Thus, both GATA4 and GATA6 proteins are fundamental regulators of granulosa cell differentiation and proliferation, and consequently of proper follicular assembly during normal ovarian development and function.
INTRODUCTION
The members of the GATA family are transcriptional regulatory proteins that possess a conserved DNA-binding domain that binds to the GATA motif (WGATAR) found in the promoter region of numerous genes [1, 2] . Depending upon their pattern of expression, the vertebrate GATA proteins have been divided into two groups. GATA1, GATA2, and GATA3 are mostly found in hematopoietic cell linages, but they have also been detected in some organs such as the inner ear, brain, and spinal cord. On the other hand, GATA4, GATA5, and GATA6 are expressed in gonads, heart, liver, lung, and gut epithelium [2, 3] . Among the latter three GATA members, the mammalian ovary expresses GATA4 and GATA6 predominantly; however, the embryonic mouse ovary also expresses the transcription factor GATA2 only in germ cells for a short period of time, that is, from Embryonic Day 11.5 (E11.5) to E15.5 [4, 5] .
During ovarian development in mice, both Gata4 and Gata6 transcripts are prominently expressed at E15 [6] , but later studies have shown that GATA4 protein can be detected in the somatic cells of the ovary as early as E10.5 [7] [8] [9] [10] . In the postnatal ovary, GATA4 and GATA6 are present in granulosa cells where they (directly or indirectly) regulate expression of numerous genes [2, 3] . In particular, GATA4 is abundantly expressed in granulosa cells of primordial follicles undergoing flattened-to-cuboidal transition, in primary, preantral and antral follicles, and in theca cells. In contrast, GATA4 expression is negligible in primordial follicles and luteal cells [3] . GATA6 is also found in granulosa and theca cells of large follicles and, unlike GATA4, is expressed in oocytes and luteal cells [3] .
The transcription factors GATA4 and GATA6 are important regulators of genes involved in steroidogenesis. Experimental evidence demonstrated that both transcription factors are strong activators of the type 2 3b-hydroxysteroid dehydrogenase (3b-HSD) promoter in steroidogenic cells [11] . In addition, the nuclear receptor steroidogenic factor 1 (Nr5a1, also known as Sf1) and liver receptor homolog-1 gene products act synergistically with GATA4 and GATA6 in the activation of the type 2 3b-HSD promoter [11] . Other promoters such as anti-Müllerian hormone (Amh), Sf1, inhibina, and steroidogenic acute regulatory protein (Star) also contain the consensus GATAbinding sequence and are activated by GATA4 [7, 12] The importance of GATA4 in ovarian development and function has been highlighted recently. Depending upon the type of promoter driving the Cre-Lox recombination system (Amhr2, Cyp19, or Sf1-Cre), the loss of Gata4 expression within the ovary produced either subfertile or infertile animals [8, 13, 14] . The degree of disruption in follicular development and of formation of ovarian cystic structures varied depending on the Cre recombinase, but regardless of the system used, conditional mutant females showed an aberrant response to exogenous gonadotropins [8, 13, 14] . The differences found among these transgenic models can be explained by the timing of Cre-recombination (Sf1-Cre is activated embryonically while Cyp19-and Amhr2-Cre act postnatally). The timing of Cre-mediated deletion of Gata4 relative to the emerging ovarian expression of Gata6 could be very important because GATA6 could completely (or partially) support ovarian follicular development in the absence of GATA4 [8, 14] .
Recently, Bennett et al. [14] deleted both Gata4 and Gata6 genes in the ovary by using the Cyp19-Cre line (Cre is driven by the cytochrome P450 [Cyp] 19 aromatase), which is mainly expressed in granulosa cells of the antral follicles. In this model, folliculogenesis initiates normally, and primary and multilayer follicles were observed. However, few follicles reached the antral stage, with no large preovulatory follicles or corpora lutea. The conditional double mutant females demonstrate irregular estrous cycles, have small ovaries, and are infertile [14] .
Here, we show that the simultaneous deletion of Gata4 and Gata6 within the ovary by the Sf1-driven Cre (conditional double mutant) produced a more striking ovarian phenotype with a reduction in the embryonic expression of the pregranulosa and granulosa cell markers SPRR2 and FOXL2, as well as other genes involved in the ovarian developmental pathway. Furthermore, early postnatal ovaries lacking both genes develop poorly, with a disruption in somatic cell proliferation and an early block in follicular development where oocytes are either still forming ovigerous cords (clusters of germ cells) or are enclosed by flattened granulosa cells (primordial follicles). Finally, a dramatic loss of oocytes was observed in ovaries from conditional double mutant animals before reaching prepubertal age. Thus, GATA4 and GATA6 play a crucial role in granulosa cell development, and therefore folliculogenesis, proper ovarian growth, and function.
MATERIALS AND METHODS

Generation of Mouse Strains
The Gata4 flox/flox [15] and Gata6 flox/flox [16] mice were obtained from the Jackson Laboratory repository. The transgenic Sf1Cre mice (a gift from the late Dr. Keith Parker) possess an artificial chromosome (BAC) that contains Sf1 (Nr5a1) regulatory elements directing Cre expression to somatic cells of the gonads (as well as to select extragonadal tissues [17] ). The experimental strains with Sf1Cre-mediated deletions were produced by crossing flox mice with Sf1Cre-containing animals and then backcrossing to generate homozygous deletions. Animals carrying homozygous deletions of Gata4 by Sf1Cre are sterile [8] 
X-Gal Staining
Mouse embryos were isolated at E13.5, and most of the viscera were removed to facilitate gonadal exposure to the staining solution. Embryos were washed in Dulbecco phosphate-buffered saline (DPBS) (Sigma-Aldrich) and fixed for 1 h with a fixative solution: DPBS containing 1% (v/v) formaldehyde, 0.2% (v/v) glutaraldehyde, 2 mM MgCl 2 , 5 mM ethylenediaminetetraacetic acid, and 0.02% (v/v) NP-40. After three washes in DPBS containing 0.02% (v/ v) NP-40 for 30 min each to remove the fixative, embryos were incubated at 378C with a staining solution: DPBS containing 2 mM MgCl 2 , 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , 0.02% (v/v) NP-40, 0.01% (v/v) Nadeoxycholate, and 1 mg/ml of X-gal. Once an adequate color developed, the reaction was stopped by three brief washes in DPBS. Embryonic gonads were dissected out and fixed overnight in 4% (w/v) paraformaldehyde. Three independent litters (n ¼ 3) containing Axin2
LacZ ; Sf1Cre; Gata4 flox/flox Gata6 flox/flox female embryos were collected for this experiment.
Whole Mount In-Situ Hybridization
Gonad-mesonephros complexes from wild-type controls and Sf1Cre; Gata4 flox/flox Gata6 flox/flox females at E15.5 were fixed in 4% (w/v) paraformaldehyde in DPBS overnight at 48C and processed as previously described [18] . Tissues were hybridized with digoxigenin-labeled RNA probes for Fst, Bmp2, and Foxl2, and the riboprobes were detected using an alkaline phosphatase-conjugated antibody and the BM Purple chromogenic solution (Roche Diagnostics Corporation).
Immunofluorescence
Ovaries from wild-type controls and Sf1Cre; Gata4 flox/flox Gata6 flox/flox animals were collected and processed in optimal-cutting-temperature freezing media. Two (Postnatal Day 9 [PND 9]) or more independent samples were analyzed for each developmental stage tested. Immunofluorescence experiments were carried out on 5-7 lm cryosections as previously described [8] , and the following primary antibodies were used: OCT3/4; GATA4, and AMH 
Bromodeoxyuridine Assay
Wild-type controls and Sf1Cre; Gata4 flox/flox Gata6 flox/flox females at PND 4 as well as pregnant mice were injected subcutaneously with bromodeoxyuridine (BrdU) (Sigma-Aldrich) at a dose of 0.1 mg/g of body weight for 1 h (PND 4) or 2 h (pregnant) before euthanasia. Ovaries were harvested and processed as described above. Ovarian sections were treated with 0.0625% (v/ v) trypsin and 5% (v/v) heat-inactivated fetal bovine serum (Sigma-Aldrich) in DPBS for 5 min each followed by DNase I (50 units/ml; Roche Diagnostics Corporation) for 30 min at 378C. BrdU-incorporation was detected by using a sheep anti-BrdU antibody (1:300; Abcam) to assess cell proliferation. Nuclei were counterstained with DAPI (Vector Laboratories Inc.). The percentage of proliferating cells (BrdU-positive cells) at PND 4 was determined relative to the number of DAPI-positive cells. Two ovarian sections from different females (n ¼ 3) of each genotype were used for cell counting. Percentage data were subjected to arcsine transformation before statistical analysis (Student t test; two-tailed) and the significance considered at P , 0.05.
Cell Death Detection Assay
Cell death was assessed with the in situ cell death detection kit (i.e., TUNEL [terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling]) (Roche Diagnostics Corporation). Sections from wild-type controls and Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries were permeabilized with DPBS containing 0.1% (v/v) Triton-X and 0.1% (w/v) sodium citrate for 30 min at room temperature and then incubated with TUNEL reaction mixture (TMR Red-conjugated dUTP and the enzyme terminal deoxynucleotidyl transferase) at 378C for 1 h in a humidified box. Positive controls were incubated with DNase I (New England Biolabs) at 378C for 30 min, and negative controls were incubated in the absence of terminal deoxynucleotidyl transferase. Nuclei were stained with DAPI (Vector).
RNA Extraction and cDNA Synthesis
The TRI reagent (Sigma-Aldrich) was employed for total RNA extraction from wild-type control and Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries at different stages of development (E13.5, E15.5, E18.5, and PND 4) according to the vendor's specifications. RNA concentration was assessed spectrophotometrically with the NanoDrop Lite (Thermo Fisher Scientific Inc.) treated with DNase I (New England Biolabs) to eliminate genomic DNA contamination following the manufacturer's instructions. Oligo-dT primers (Integrated DNA Technologies) were utilized to synthesize cDNA from equal amounts of total RNA by using the M-MLV (Moloney Murine Leukemia Virus) Reverse Transcriptase kit (Invitrogen) according to the manufacturer's instructions.
Quantitative RT-PCR
The SYBR Green PCR master mix (Applied Biosystems) was utilized for quantitative RT-PCR (qPCR) reactions and transcript levels analyzed on an ABI 7500 real-time PCR system (Applied Biosystems) using 40 cycles of 958C for 15 sec and 608C for 1 min in a 2-step thermal cycle, preceded by two initial steps: 2 min at 508C and 10 min at 958C. The primers used are listed in Supplemental Table S2 and were obtained from the Integrated DNA Technologies. Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) served as PADUA ET AL. the normalizing gene. Samples were analyzed in duplicates from at least three biological replicates and the fold change was calculated by the DDCt method. The Student t test (two-tailed) was utilized for statistical analysis, and significance was considered at P , 0.05. The data analyzed were DCt values, and the results were plotted as fold-change differences using the GraphPad Prism (6.02 version) software.
Hematoxylin and Eosin Staining
Ovaries from wild-type controls and Sf1Cre; Gata4 flox/flox Gata6 flox/flox animals were collected at PND 6 and 9 for histological analysis. Sections were cut at 5 lm of thickness, dewaxed, rehydrated, and stained with modified Harris hematoxylin (Thermo Fisher). Acid-alcohol-1% (v/v) HCl in 70% (v/ v) ethanol-was employed for staining differentiation, Eosin-Y (Thermo Scientific) for counterstaining, and Permount (Fisher Scientific) as the mounting media.
RESULTS
The Pregranulosa Cell Marker SPRR2 Is Decreased by Simultaneous Deletion of Gata4 and Gata6 at E13.5
The transcription factor GATA4 is present in somatic cells of the ovary as early as E10.5 [7, 9, 10] . In contrast to earlier findings [6] , we show here that GATA6 protein was detected in embryonic somatic cells of ovaries at E13.5 ( Fig. 1A) . Deletions of Gata4 and Gata6 using a Cre recombinase under control of the Sf1 promoter was shown to be highly efficient (compare The small proline-rich protein 2 (SPRR2) is considered a pregranulosa cell marker [19] . Two Sprr2 genes, Sprr2a and Sprr2d, are preferentially expressed in pregranulosa cells from E11.5 to E13.5, with expression biased toward the posterior end of the gonad. SPRR2 colocalized with a subset of GATA4-positive cells in the embryonic ovary [19] . Our immunofluorescence experiments revealed that in both wild-type control and Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries, SPRR2 is mostly expressed toward the posterior end of the gonad ( To provide a quantitative assessment for gene expression in the control and conditional double mutant ovaries, we performed qPCR analysis. While the granulosa cell markers Sprr2d and Foxl2 were significantly down-regulated (P , 0.05) in Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries, both germ cell transcripts examined (Mvh and Oct4) were not different from wild-type controls (Fig. 1N) . The Forkhead box L2 (FOXL2) transcription factor is one of the earliest markers of ovarian development in mammals. Foxl2 is expressed in granulosa and theca cells of all follicular stages and is absolutely required for normal ovarian differentiation and follicular development [20] . In addition, other genes involved in ovarian development such as Irx3 and Fst were also down-regulated (P , 0.01 and P , 0.001, respectively; Fig. 1N ) in ovaries with simultaneous deletion of Gata4 and Gata6. A decrease in somatic cell proliferation in the conditional double mutant ovary could be responsible for the lower number of pregranulosa cells. However, BrdU-labeling experiments showed no major differences in cell proliferation between wild-type control and Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries (compare Fig. 1,  E and J) .
The role of the canonical Wnt/b-catenin pathway in ovarian differentiation has been well documented (e.g., [21] [22] [23] [24] ). The Axin2 gene is commonly used as a reporter of canonical WNT/ b-catenin (CTNNB1) pathway activity [25, 26] . Moreover, the expression of Axin2 is sexually dimorphic, with ovarian but not testicular-specific expression [21, 27] . We used an Axin2 LacZ transgenic line to determine the effect of the simultaneous deletion of Gata4 and Gata6 within the gonad on the activity of the WNT/b-catenin pathway. X-Gal staining revealed no apparent difference in Axin2 expression between wild-type control and Sf1Cre; Gata4 flox/flox Gata6 flox/flox embryonic ovaries (Fig. 1, K and L) . In contrast and as expected, the male gonad was negative for X-gal staining at E13.5 (Fig. 1M) . At E15.5 and E18.5, the expression of GATA4 and GATA6 proteins was not detectable in the majority of the somatic cells of Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries when compared with wild-type controls, where both proteins were abundantly expressed in somatic cells (compare Fig. 2 , A, E, I, and L; and Supplemental Fig. S1 , B, C, E, and F).
Unlike SPRR2 expression that sharply decreases in the ovary after E13.5 [19] , the expression of FOXL2 persists through later stages of embryonic ovarian development (E15.5 and E18.5). While abundant FOXL2-positive cells were detected in wild-type ovaries at both stages of development, FOXL2 protein staining was drastically reduced by the simultaneous deletion of Gata4 and Gata6 within the ovary, both at E15.5 (compare Fig. 2 , B, C, F, and G) and at E18.5 (compare Fig. 2 , J and M). In addition, we performed qPCR and detected an ;5-fold reduction in the expression of the Foxl2 transcript (P , 0.05) at E15.5. Likewise, the expression of other ovarian-specific genes in Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries was strongly reduced as well, that is, Fst (P , 0.05) and Irx3 (P , 0.01) (Fig. 2O) . At E18.5, a similar prominent down-regulation in the ovarian gene expression program persisted (Fig. 2P) , with Foxl2, Irx3, and Fst significantly down-regulated in the conditional double mutant ovaries (P , 0.001, P , 0.001, and P , 0.01, respectively). Not all the genes associated with ovarian development were down-regulated; for example, the expression of Wnt4 and Bmp2 was significantly up-regulated (P , 0.01 and P , 0.05, respectively; Fig. 2O ). To corroborate these results, we performed whole-mount in situ hybridization for the Fst, Bmp2, and Foxl2 genes; these RNA expression studies were in full agreement with the qPCR and immunofluorescence analyses in Figure 2 (Supplemental Fig. S2 ).
While the gene expression program of the somatic ovarian cells in the Sf1Cre; Gata4 flox/flox Gata6 flox/flox mutants was clearly affected, the development of germ cells appeared to proceed normally. We observed no notable differences between control and conditional double mutant ovaries in meiotic entrance as assessed by the expression of the meiotic marker, phosphorylated histone 2A (Gamma-H2AX) (Fig. 2, B and F) or overall number of oogonia as assessed by the oocyte-specific protein mouse vasa homolog, MVH (Fig. 2, D (Fig. 2J) ; in the conditional double mutant, very few MVH-positive cells localize to the developing ovarian cortex (Fig. 2M ). Similar to earlier developmental stages, no apparent differences in cell proliferation at E18.5 were noted between wild-type control and Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries as shown by the BrdU assay (compare Fig. 2, K and N) . During follicular assembly, oocyte nests separate by a process called germ-cell nest breakdown and become enclosed in primordial follicles consisting of one oocyte and several flattened granulosa cells (for review, see [28] ). As folliculogenesis proceeds, flattened granulosa cells become cuboidal, giving rise to primary follicles. The proliferation of granulosa cells leads to the formation of secondary follicles in which two to four layers of granulosa cells surround the oocyte. Finally, large preantral and antral follicular stages are reached, with several layers of granulosa cells encircling the oocyte. Once secondary follicles are formed, steroidogenic theca cells appear and form a loose layer around the granulosa-oocyte complex (reviewed in [29] ).
To determine the effect of the simultaneous deletion of Gata4 and Gata6 genes within the ovary on folliculogenesis, sections of wild-type and Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries were examined at PND 4. To confirm efficient gene deletion, we inspected GATA4 and GATA6 protein expression in the control and conditional double mutant ovaries. In the wild-type samples, both GATA4 and GATA6 are robustly expressed in somatic cells of the ovary, with coexpression in granulosa cells (Fig. 3, A and D) . In contrast, coexpression was not observed in the Sf1Cre; Gata4 flox/flox ; Gata6 flox/flox ovaries. Very few GATA4-positive cells remained within the ovary and are presumably mostly interstitial cells that do not express Sf1Cre. Moderate GATA6 expression in oocytes was present, similar to what was reported previously for these cells [30] (Fig. 3, G 
and J).
Ovarian AMH is thought to protect the ovarian follicle reserve by inhibiting the recruitment of the primordial follicles and decreasing the responsiveness of the growing follicles to follicle-stimulating hormone (FSH) ( [31, 32] and reviewed in [33] ). AMH is produced in the granulosa cells of primary, preantral, and small antral follicles and is a useful marker of ovarian follicular progression. AMH staining revealed follicles at different stages of development in wild-type neonatal ovaries (Fig. 3, B and E) . In contrast, the lack of follicles in advanced stages of development was evident in the Sf1Cre; Gata4 flox/flox ; Gata6 flox/flox ovaries (Fig. 3, H and K) . These morphological changes were corroborated by a significant decrease in the expression of Amh and Fst genes by qPCR (P , 0.01 and P , 0.001, respectively; Fig. 3M ). In addition, the expression of Foxl2 in Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries was reduced but not significantly (expression of this gene is low at that developmental stage). The factor in the germline-alpha (FIGLA) is a germ cell factor required for the formation of primordial follicles [34] . Its transcript abundance peaks at approximately PND 2, a time in ovarian development at which oocytes are becoming enclosed in primordial follicles [34] . We . Genes examined included Irx3, Fst, Foxl2, Sprr2d, Mvh, Oct4, Gata4, and Gata6, and the results are shown as the means 6 SEM of fold change relative to wild-type controls from at least three biological replicates with significance considered at *P , 0.05, **P , 0.01, and ***P , 0.001.
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examined the expression of two oocyte transcripts, Mvh and Figla, but only Figla was significantly increased in the conditional double mutant ovaries (P , 0.05; Fig. 3M ). Thus, we conclude that follicles that are formed in the Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries remain in the primordial state.
PND 4 conditional double mutant ovaries appeared markedly smaller. BrdU-labeling experiments were performed in wild-type control and Sf1Cre; Gata4 flox/flox Gata6 flox/flox animals to inspect cell proliferation. Ovarian sections stained with an antibody against BrdU uncovered abundant somatic cell proliferation in the wild-type control (Fig. 3, C and F) . Furthermore, a large number of BrdU-positive cells, which are presumably proliferating granulosa cells, enveloped the oocytes (Fig. 3F) . In contrast, a significant reduction in somatic cell proliferation (P , 0.01; Fig. 3N ) was observed in Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries (Fig. 3, I and L). Oocyte growth, a notable feature of follicular progression measured by the increase of oocyte diameter (Fig. 3F) , was not observed in oocytes from conditional double mutant ovaries (Fig. 3L) .
To further examine follicular development in the mutants, sections of wild-type control and Sf1Cre; Gata4 flox/flox
Gata6
flox/flox ovaries were stained with antibodies against spermatogenesis and oogenesis specific basic helix-loop-helix 1 (SOHLH1) and Laminin. SOHLH1 expression is restricted to germ cell clusters and primordial and primary follicles. Sohlh1 gene disruption blocks the primordial-to-primary follicle transition [35] . SOHLH1 and Laminin proteins were detected both in wild-type control and conditional double mutant ovaries (Fig. 4) ; however, their expression pattern highlighted notable differences in ovarian organization. Oocytes in the I-N) . E15.5 sections were stained for GATA4 (green) and GATA6 (red) (A and E), for the granulosa cell marker, FOXL2 (green), and the phosphorylated histone family protein H2A (Gamma-H2AX; red) (B and F), or for the universal germ cell marker mouse vasa homolog (MVH; red) (D, H). C and G are higher magnifications of B and F, respectively, visualized for FOXL2 staining. Bars ¼ 50 lm (A, B, E, F) and 20 lm (C, D, G, H). Ovarian sections at E18.5 were stained for GATA4 (green) and GATA6 (red) (I and L), for FOXL2 (green) and MVH (red) (J and M), or for bromodeoxyuridine to measure cell proliferation (BrdU; green) (K and N). Nuclei are stained by DAPI (blue). Note in J that germ cells are mainly localized to the cortical region in control ovaries (shown by arrows) but not in the Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries (arrowheads in M). Bars ¼ 50 lm (I-N). O, P) Quantitative RT-PCR analysis of changes in gene expression in Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries at E15.5 (O) and E18.5 (P). Transcripts examined were Irx3, Fst, Foxl2, Mvh, Wnt4, Bmp2, and Gata4. The results are shown as the means 6 SEM of fold change relative to wild-type controls from at least three biological replicates. Data were analyzed by Student t-test (two-tailed) with significance considered at *P , 0.05, **P , 0.01, and ***P , 0.001.
Gata4 AND Gata6 LOSS DISRUPTS OVARIAN DEVELOPMENT medullary region of the wild-type ovaries are enclosed by either cuboidal granulosa cells or by several layers of granulosa cells (Fig. 4, C and D) . In contrast, germ cells from Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries are either surrounded by flattened granulosa cells forming primordial follicles or remain grouped in ovigerous cords (Figs. 4, G and H, and 3K ), where germ cell nests are loosely surrounded by somatic cells [36] . Moreover, while we noticed abundant primordial follicles in the cortical region of wild-type ovaries (Fig. 4A-D) , in the Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries, primordial follicles as well as clusters of germ cells were localized predominately within the central region (Fig. 4E-H) . Here again, the Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries do not present a clear delimitation between the medullary and cortical regions, which is clearly established in wild-type ovaries at this stage of development (compare Fig. 4, C and G) . The marked reduction in somatic cell proliferation observed in Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries at PND 4 ( Fig. 3,  I , L, and N) had noticeable effects at later stages of development (PND 6 and 9), where conditional double mutant ovaries are remarkably smaller (Figs. 5G and 6G ) than wildtype ovaries (Figs. 5A and 6A) . Moreover, TUNEL analysis revealed more apoptotic nuclei in Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries at PND 6 (Fig. 5, I and L) than in wildtype ovaries (Fig. 5, C and F) , suggesting a major imbalance between cell proliferation and death in conditional double mutant ovaries.
We noted that the majority of oocytes disappeared from the ovaries of Sf1Cre; Gata4 flox/flox Gata6 flox/flox animals by PND 9 (Fig. 6, G, H, and J) , with the few remaining cells localized in (Fig. 6 , K and L) compared to wild-type controls (Fig. 6, E and F) . The efficiency of the Sf1Cre excision Gata4 AND Gata6 LOSS DISRUPTS OVARIAN DEVELOPMENT is corroborated by staining for GATA4 and GATA6 expression in the PND 9 conditional double mutant ovaries, with very few GATA4-positve cells in the epithelium and few in the medullary region of the ovary (compare Fig. 6 , C and I).
DISCUSSION
The transcription factors GATA4 and GATA6 have been recently acclaimed as critical regulators of adult ovarian function [14, 37] , but their common roles during early ovarian development have not been established. In this study, we provide evidence that a major disruption of the ovarian development necessitates conditional deletion of both GATA factors within the ovary. Previous work from this laboratory demonstrated that early developmental loss of Gata4 gene expression led to limited disturbances during ovarian development. Moreover, the effect of Gata4 gene loss on ovarian gene expression and function was not fully manifested until after birth [8] . Sf1Cre-mediated deletion of Gata6 alone did not result in any notable effect on ovarian morphology or function and Sf1Cre; Gata6 flox/flox mice were fertile (data not shown). In contrast, the effect of the simultaneous deletion of Gata4 and Gata6 in the ovary was detected at as early as E13.5 with a reduction in the expression of SPRR2, a pregranulosa cell marker (Fig. 1) . Another gene expressed in pregranulosa cells, Irx3, was also down-regulated by the lack of both transcription factors. IRX3 is a member of the Iroquois homeobox family and colocalized with GATA4 in pregranulosa cells [38] .
At E13.5, conditional deletion of Gata4 and Gata6 resulted in a down-regulation of other essential ovarian genes such as Fst and Foxl2. Experimental evidence has shown that expression of Foxl2, but not Wnt4, was significantly decreased in mutant mouse ovaries containing a deletion of Irx3 and other genes of the IrxB cluster [39] . In addition, Fst expression in newborn mouse ovaries was partially down-regulated in the absence of either Foxl2 (Foxl2
), but Wnt4 was up-regulated in ovaries lacking Foxl2 [40] . At E15.5, we observed a similar gene expression pattern in the Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries where Foxl2 and Fst were down-regulated and Wnt4 and Bmp2 were significantly upregulated. The down-regulation (but not a complete loss) of Irx3, Fst, and Foxl2 expression in the Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries suggests the role for both GATA4 and GATA6 as the transcriptional regulators of these granulosaspecific genes. Taken together, these observations, as well as down-regulation of the early pregranulosa cell markers SPRR2 and FOXL2, strongly indicates overlapping function of the two GATA factors in early ovarian development.
Previous work has shown that the loss of b-catenin had an impact on the expression of crucial ovarian genes such as Fst, Wnt4, and Foxl2 (reviewed in [27] ). In this study, we used an Axin2
LacZ transgenic line to determine the activity of the WNT/ b-catenin pathway in the conditional double mutant ovaries. No apparent difference was found in Axin2
LacZ expression between wild-type control and Sf1Cre; Gata4 flox/flox Gata6 flox/ flox embryonic ovaries. The most parsimonious explanation for this finding is that WNT/b-catenin activity in the ovary is independent of GATA protein expression at this developmental stage. These data also suggest that the active Wnt/b-catenin pathway alone is insufficient to support ovarian differentiation. 
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Moreover, it is conceivable that the WNT/b-catenin pathway, while critical for ovarian sex determination, is dispensable for subsequent ovarian differentiation. Its activity could be similar to the function of the Fog2 gene in ovarian development or that of Sox9 in the male. While these genes are required for sex determination [41] [42] [43] [44] [45] , they are dispensable for later development [8, 43, 46] .
The loss of GATA4 in the ovaries results in a prominent, but incomplete block of folliculogenesis, with some transitional primary follicles present that develop beyond the primary stage [8] . In contrast, deletion of both Gata4 and Gata6 produced an immature ovarian phenotype with an early and comprehensive block in follicular development where oocytes remained either in germ cell clusters or enclosed by flattened granulosa cells. Primordial follicles and germ cell nests are centrally localized in the Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries; however, the ovaries do not possess a clear definition of the medullary versus cortical region. A similar phenotype has been described in Fst À/À ovaries in which the boundary between the cortex and medulla is lost [47] . Importantly, loss of Fst expression has been associated with early neonatal germ cell loss [47] , and strong reduction in Fst expression (Fig. 2 ) may explain the loss of germ cells in the conditional double mutant ovaries. Moreover, follistatin has been demonstrated as a factor critical to the process of germ cell nest breakdown [48] .
Experimental evidence shows that GATA4 and GATA6 regulate cell proliferation. Conditional deletion of Gata6 and Gata4 produced a decrease in cellular proliferation in crypts of the small intestine [49] as well as a reduction in proliferating cell numbers in the pancreatic epithelium [50, 51] . In addition, Gata4 is thought to regulate cardiomyocyte proliferation through direct activation of the Cyclin D2 and Cdk4 promoters [52] , although this does not appear to be a general mechanism (Tevosian et al., unpublished results). Here we assessed cell proliferation by the standard BrdU incorporation assay at different stages of development. We did not observe notable changes in cell proliferation in the Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries at both embryonic stages studied (E15.5 and 18.5). In contrast, a drastic decrease in cell proliferation was obvious in the postnatal conditional double mutant ovaries, suggesting that both transcription factors are involved in somatic cell proliferation later in development.
We believe that GATA proteins contribute to the regulation of several critical genes in ovarian development that are essential for granulosa cell differentiation and proliferation. The sum effect of the loss of GATA regulation is the demise of normal ovarian development and folliculogenesis. Given the critical role for granulosa cells as supporting cells for oocyte growth and survival, one would predict that deficiencies in granulosa cell differentiation and proliferation observed in the Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries would result in the loss of oocytes, which we detect by PND 9. The mechanism of this loss remains unclear. Although we were able to detect some TUNEL-positive oocytes (i.e., TUNEL-and MVHdoubly positive cells), most TUNEL-positive cells appeared to be either somatic cells or, possibly, degenerating oocytes that already lost their MVH expression. Late embryonic or perinatal oocyte demise is a common theme in rodent genetic models where the interaction between granulosa and germ cells is interrupted (e.g., [20, 47, 53, 54] ). Similar to this work, the specific mechanism (or mechanisms) of germ cell loss in these models remains enigmatic. Previous research established that death by the classic apoptotic pathway is insignificant in oocytes of primordial follicles [55, 56] . Moreover, lysosome amplification in oocytes occurs at birth, suggesting that additional mechanisms could be involved in perinatal oocyte loss [56] . Decaying oocytes in primordial and primary follicles from newborn wild-type rat ovaries possessed apoptotic markers (active caspase-3 and TUNEL-positive staining) as well as autophagic markers (increased numbers of autophagosomes) [57] . However, compromised autophagy by the genetic loss of either Becn1 or Atg7 decreased (rather than increased) the number of oocytes in PND 1 mouse ovaries [58] . Thus, it remains unclear if there is a different mechanism for the elimination of atretic oocytes from primordial follicles.
Finally, Sf1Cre; Gata4 flox/flox Gata6 flox/flox ovaries do not undergo sex reversal. We observed no difference in the intensity of SOX9 staining between controls and conditional double mutant ovaries at PND 4, 15, and 17 (Supplemental Fig.  S3 and data not shown) . Interestingly, the up-regulation of testis-specific genes (i.e., Sox9, Dmrt1, Hsd17b3) was detected only in early postnatal ovaries deficient for both Wnt4 and Foxl2 [40] . Furthermore, Sf1Cre; Gata4 flox/flox Gata6 flox/flox females do not survive long after birth, and the majority of them die within the first 2 weeks of age (presumably due to the lack of adrenal glands; Tevosian et al., unpublished results); therefore, live postnatal conditional double mutant females are exceedingly rare. In summary, in the present study we have shown that the transcription factors GATA4 and GATA6 are key regulators of granulosa cell differentiation and proliferation and therefore are required for appropriate follicular assembly and normal ovarian development and function.
